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The objective of the present study was to obtain and model drying curves of ﬁlmogenic solutions at the
temperatures of 25, 30, 35, 40 and 45 C, consisting of different concentrations of starch and glycerol. The
percentage of yam starch inﬂuenced the initial moisture content, while the critical moisture content
varied as a function of the concentration of starch and temperature applied during drying of the
ﬁlmogenic solutions. Glycerol concentration did not inﬂuence any of the parameters analyzed. Models
for the two distinct phases (constant and decreasing drying periods) ﬁt well for all drying temperatures
and compositions, with average relative error values less than 10%. The interaction between starch
content and temperature inﬂuenced the drying rate parameters during the constant period and the
diffusion coefﬁcients.
 2012 Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
Hydrogels, which are crosslinked hydrophilic polymers, are used
in areas such as biotechnology, medicine, pharmacology, agricul-
ture, the food industry and others. The hydrophilicity of hydrogels is
attributed to the presence of hydrophilic functional groups such as
alcohols, carboxylic acids, and amides. Understanding the
phenomena which occur in the drying of these hydrogels is
necessary for designing the entire process (Waje et al., 2004).
Although plastic ﬁlms have excellent strength and ﬂexibility
properties, their use has a negative environmental impact since they
are crude petroleum, which is an exhaustible, non-biodegradable
raw material (Souza & Andrade, 2000). Thus, there is great interest
in development of edible or biologically degradable bioﬁlms.
According to Azeredo (2003), bioﬁlms made from poly-
saccharides are bright and transparent, improving the visual
appearance of products such as vegetables, and are not sticky. Asducação, Ciência e Tecnologia
ria, Brazil. Tel.: þ55 62 9296
, copace@ufv.br (P.C. Côrrea),
hotmail.com (E.S. Santos),
servulo@hotmail.com (A.C.O.
evier OA license.they are non-toxic, these ﬁlms can be eaten along with the pro-
tected product or removed with water. They are considered low-
cost commercial products, as well.
Edible ﬁlms have proven to be effective in improving the quality
of whole and minimally processed fruit (García, Martino, &
Zaritzky, 1998), avoiding water loss and retarding degradation of
fruits and vegetables. Microbial growth and deterioration was
slowed after application of edible cellulose-based ﬁlms on
minimally processed carrots during a 12 day period at 10 C
(Emmambux & Minnaar, 2003).
The cultivation of yams (Dioscorea spp.) has great socioeconomic
importance for the Northeast region of Brazil, and is a very prom-
ising agricultural business, given the excellent nutritional quality
and energy of the tubers. Yam tubers are an excellent food source,
high in energy, minerals and carbohydrates, especially starch.
Therefore, the use of yam starch for the preparation of bioﬁlms may
be signiﬁcant for the Northeast, thus avoiding loss of the tuber in
natura.
Yam starch, when compared to starches from potatoes, rice and
cassava, has a higher mean amylose content (Mali, Grossmann,
García, Martino, & Zaritzky, 2002, 2004, 2005). The application of
starches in production of ﬁlms is based on the chemical, physical
and functional properties of the amylose in forming gels and on
their capacity for forming ﬁlms.
Table 1
Levels of the coded variables and actual values of the yam starch and glycerol levels
in the experimental design used for preparation of the ﬁlmogenic solutions to be
dried. The total amount of solution is 100 g.
Assay Yam starch Glycerola
Coded value (g 100 g1) Coded value (g 100 g1)
1 1.000 6.41 1.000 15.86
2 1.000 6.41 1.000 44.14
3 1.000 8.59 1.000 15.86
4 1.000 8.59 1.000 44.14
5 1.414 5.00 0.000 30.00
6 1.414 10.00 0.000 30.00
7 0.000 7.50 1.414 10.00
8 0.000 7.50 1.414 50.00
9 0.000 7.50 0.000 30.00
10 0.000 7.50 0.000 30.00
11 0.000 7.50 0.000 30.00
a Based on the amount of yam starch used.
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manner. Consequently, the afﬁnity of the polymer for water is
reduced, favoring the formation of opaque pastes and resistant
ﬁlms (Wurzburg, 1986), which may draw near to the mechanical
characteristics of polyethylene.
Hydrogels can be derived from polysaccharides, yielding ﬁne
textured gels at low polymer concentration, or from proteins at
higher polymer concentrations. These gels have a low solid content
and therefore require extensive drying. However, gel dehydration
studies have been reported in the food science literature (Rassis,
Saguy, & Nussinovitch, 2000).
Glycerol is a hydrophilic plasticizer widely used in the prepa-
ration of biodegradable ﬁlms. The plasticizer interacts with the
starch chains, increasing molecular mobility and consequently the
hydrophilicity and ﬂexibility of plastic ﬁlms (Mali et al., 2004).
Garcia, Pereira, Sarantópoulos, and Hubinger (2010) analyzed
three different concentrations of cassava starch (1, 2, and
3 g 100 g1) and two concentrations of potassium sorbate (0.05 and
0.10 g 100 g1) which were used in the formulations of coatings for
minimally processed strawberries. Good integrity of cassava edible
coatings on the strawberry surface was observed for 2 and
3 g 100 g1 starch concentrations, and the use of coatings at these
concentrations reduced the strawberry respiration rate, repre-
senting a possibility for extending the shelf life of fruits.
Vicentini, de Castro, and Cereda (1999) used cassava starch ﬁlms
on green pepper fruits and observed that the ﬁlm at the concen-
tration of 3 g 100 g1 led to reduction in weight loss of
1.03 g 100 g1, maintained the texture of the fruits and did not alter
the chemical properties of the product.
Most of these studies showed interest in the mechanical
properties of the dried product. It is very clear that a successful
gel-based sponge should exhibit appropriate mechanical
strength along with appropriate chemical compatibility, sorption
capacity, and biodegradability for its intended use (Jaya &
Durance, 2007).
Structure and surface properties of an edible protein ﬁlm
combined with canola oil, dried at 80 C for 30 min, explained the
adsorption of water as a function of moisture content and, conse-
quently, the permeable behavior of water vapor (Kokoszka,
Debeaufort, Lenart, & Voilley, 2010). This conﬁrms the importance
of determining the drying curves for ﬁlmogenic solutions.
Parameters involved in drying of ﬁlmogenic solutions should be
considered in the preparation of biodegradable ﬁlms. In general,
variations inmoisture contribute to the variation in thickness of the
ﬁlms and also inﬂuence mechanical properties due to the plasti-
cizer effect of water (Torres, 1994). In the development and
improvement of drying equipment, the acquisition of simulations
and theoretical information on the behavior of each product is
essential for reducing processing costs (Corrêa, Resende,
Martinazzo, Goneli, & Botelhos, 2007).
Drying curves of the dispersed polymer have been studied, and
upon observing two distinct drying periods, two equations for
mathematical modeling were developed: the ﬁrst to demonstrate
moisture varying in a linear manner until reaching critical mois-
ture, and the second for the drying rate, which decreases expo-
nentially (Stupa, Platonov, & Milkhailov, 2003).
However, information on the kinetics of drying biodegradable
ﬁlms, which is fundamental for the optimization of this operation,
is not encountered in the literature. This information would result
in decreased costs and preparation of ﬁnal products of better
quality.
The objective of this study was thus to obtain drying curves for
ﬁlmogenic solutions, and to adjust mathematical models to both
constant and falling rate periods. Furthermore, the inﬂuence of
yam starch and glycerol levels was analyzed, as well as thetemperature effect, to verify which conditions would lead to lowest
production cost.
2. Material and methods
2.1. Preparation and drying of the ﬁlmogenic solutions
Starch was extracted from yams (Dioscorea spp.), São Bento
cultivar, and ﬁlmogenic solutions were prepared according to
Table 1. Yam starch was extracted from the São Bento yam cultivar
according to Daiúto and Cereda (2003), modifying the concentra-
tions of the reagents used (1 g 100 g1 solution of ammonium
oxalate and oxalic acid at a ratio of 1:1 (g:g)). Glycerol was obtained
from Merck (São Paulo, Brazil).
After preparation, the solutions were heated to 90 C for 4.5 min
for gelatinization, and, while still hot, the samples were transferred
to 0.01 L acrylic plates with an internal diameter of 0.088 m for
drying and transformation into ﬁlm. The values of the variables
used in the test were determined from the rotational central
composite design, totaling eleven treatments (Rodrigues & Iemma,
2009), with ﬁve levels for each independent variable e concen-
trations of yam starch and glycerol.
Preliminary studies were performed to deﬁne the levels of yam
starch and glycerol to be used in the ﬁlmogenic solutions for the
present study. Thestarchcontent inacademicstudies typicallyextends
upto3g100g1,whilevarious levelsofglycerol areused. Inanattempt
tooptimize thedryingresults,mechanicalpropertiesandwaterbarrier
properties, a range of 5e10 g 100 g1 was established for yam starch,
for the purpose of increasing the water vapor barrier properties, in
other words, not allowing the water vapor to pass through the ﬁlm
which will coat the food product, and 10e50 g 100 g1 for glycerol
(based on the amount of yam starch used).
Drying was performed in a forced air circulation laboratory oven
(Marconi MA 035) at temperatures of 25, 30, 35, 40 and 45 C, with
a constant air velocity of 1 m s1. This mild temperature range was
chosen to avoid damage to the ﬁlm. The design described in Table 1
was applied at each temperature indicated above in order to extract
more information on the drying of ﬁlmogenic solutions in the
present study.
The loss of mass of ﬁlmogenic solutions was monitored at
10 min intervals, and this process was concluded when, in at least
three consecutive measurements, the variation in mass was less
than the tolerance of 106 kg. The plates were then stored in
desiccators containing silica gel at a temperature of20 C for 24 h.
From this measurement and initial weight of the sample, the
amount of moisture content present in the ﬁlmogenic solution gel
was calculated on a dry basis.
Table 2
Errors and parameters obtained by ﬁtting of the model.
Trat. T (C) P (%) SE
(decimal)
R2 (%) Trat. T (C) P (%) SE
(decimal)
R2 (%)
T1 25 8.08 0.38 99.99 T7 25 8.00 0.95 99.93
30 2.78 0.42 99.99 30 6.73 0.58 99.97
35 10.08 0.50 99.98 35 8.52 0.62 99.96
40 7.69 0.57 99.99 40 3.94 0.66 99.96
45 4.08 0.96 99.95 45 9.73 0.89 99.93
T2 25 7.57 0.36 99.98 T8 25 3.89 0.55 99.99
30 4.48 0.33 99.99 30 9.86 0.55 99.97
35 7.62 0.55 99.98 35 8.40 0.66 99.91
40 4.97 0.65 99.97 40 7.46 0.39 99.99
45 10.09 0.69 99.95 45 7.26 0.93 99.96
T3 25 9.92 0.75 99.98 T9 25 3.61 0.47 99.99
30 5.43 0.42 99.99 30 9.65 0.54 99.98
35 6.88 0.60 99.96 35 9.32 0.79 99.95
40 4.73 0.78 99.97 40 4.51 0.58 99.97
45 6.42 0.93 99.93 45 4.51 0.58 99.97
T4 25 8.42 0.91 99.96 T10 25 1.90 0.37 99.98
30 5.47 0.63 99.97 30 4.87 0.44 99.96
35 8.01 0.87 99.95 35 7.28 0.81 99.94
40 5.05 0.46 99.98 40 5.02 0.47 99.97
45 9.78 0.17 99.92 45 6.52 0.92 99.96
T5 25 5.36 0.55 99.94 T11 25 3.23 0.87 99.96
30 6.81 0.53 99.97 30 4.66 0.54 99.96
35 4.92 0.88 99.91 35 7.02 0.49 99.98
40 7.35 0.55 99.96 40 4.88 0.61 99.97
45 10.06 0.83 99.96 45 9.69 0.88 99.96
T6 25 8.30 0.92 99.96
30 10.18 0.63 99.96
35 5.81 0.77 99.95
40 7.65 0.60 99.96
45 4.36 0.76 99.96
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Modeling of the drying of ﬁlmogenic solutions was conducted in
two phases: a periodwith constant drying rate and a periodwith an
exponential drying rate (Equation (1)), separated by critical time, as
established in the study of drying of granulated anid. It is a disperse
polymer material (Stupa et al., 2003). Non-linear regression anal-
yses were performed via the Gauss Newton method for ﬁtting the
mathematical models, using the STATSOFT 8.0 software.
WI ¼ W0 þ ðn tÞ for t < tcr
WII ¼ WCekðttcrÞ þ ðn tÞ for t>tcr (1)
Where WI is the moisture content in the constant drying rate
period, g 100 g1, d.b. (dry basis);WII is the moisture content in the
decreasing drying rate period, g 100 g1, d.b.; W0 is the initial
moisture content, g 100 g1, d.b.; n is the constant drying rate, s1; t
is the drying time, s; tcr is the critical time, transition from ﬁrst to
second drying period, s; Wc is the critical moisture content,
g 100 g1, d.b.; k is the coefﬁcient of the decreasing drying rate, s1.
For long drying times and very thin samples (<0.005 m), only
ﬁrst-order Fick’s law (Equation (2)) was considered for the effective
diffusion coefﬁcient, considering product geometry as a ﬂat plate,
according to Baroni and Hubinger (1998).
Def ¼
K 4L2
P2
(2)
Where Def is the effective diffusion coefﬁcient, m2 s1; L is the
material thickness, m; and k is the drying rate coefﬁcient, s1.
2.3. Statistical analysis
The degree of ﬁt of the model considered the magnitude of the
coefﬁcient of determination (R2), the magnitude of the average
relative error (P) and the standard deviation of the estimate (SE).
The average relative error and standard deviation of the estimate
for each model were calculated according to Equations (3) and (4),
respectively.
P ¼ 100
n
Xn
r¼1
jY  Y0j
Y
(3)
SE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Xn
r¼1
ðY  Y0Þ2
GLR
vuut (4)
Where Y is the experimentally observed value, Y0 is the value
calculated by the model, n is the number of experimental obser-
vations, and GLR is the number of degrees of freedom of the model.
For the coefﬁcients obtained by ﬁtting of the model (W0, n, Wc)
and the diffusion coefﬁcient, regression analyses were carried out
at 5% probability of error using the response surface method, with
non-signiﬁcance of the lack of ﬁt as criterion so as to obtain the best
relationship between the parameters measured with the contents
of yam starch and glycerol at each temperature.
3. Results and discussion
3.1. Modeling of drying curves
Values of R2, P and SE of the models adjusted to the 11 treat-
ments and 5 drying temperatures are presented in Table 2. The
coefﬁcient of determination (R2) ranged from 99.91 to 99.99, always
very close to 100%.The coefﬁcient of determination alone is not a good criterion for
the selection of nonlinear models; therefore, the values of the
average estimated error (SE) and average relative error (P) were
considered (Madamba, Driscoll, & Buckle, 1996). Standard deviation
of the estimate ranged from 0.167 to 0.958, where values lower
than 1 indicate good ﬁt to the model. Average relative errors
encountered for all models at the temperatures evaluated were less
than 10%.
The P values indicate the deviation of observed values in relation
to the curve estimated by the model (Kashani-Nejad, Mortazavi, &
Safekordi, 2005). Values lower than 10% are recommended for
selecting models (Mohapatra & Rao, 2005); therefore, the ﬁtted
model proved to be adequate for the observed data.
These moisture content data were plotted with respect to time
(Fig. 1 obtained for treatment 1 and ﬁt to the proposed model). This
ﬁgure indicates the different drying periods of ﬁlmogenic solution
and the same trend was observed in all treatments. From these
plots, the model constants W0, Wc, n and k were determined.
The initial moisture content (W0) of the ﬁlmogenic solutions
ranged from 85 to 92 kg kg1 d.b., which favors long periods with
a constant drying rate. The drying rate in the constant rate period is
fully governed by the rate of external heat and mass transfer, since
a ﬁlm of free water is always available at the evaporating surface
(Cui, Xu, & Sun, 2004).
3.2. Model parameters
To verify the effect of independent variables (yam starch and
glycerol concentrations and temperature) on the parameters ob-
tained by the model and the values of Def, regression analysis was
applied using the response surface method (Table 3).
Initial moisture content of the ﬁlmogenic solutions was inﬂu-
enced only by the amount of yam starch, showing that the rela-
tionship between these variables was linear. The parameter “n”
Fig. 1. Experimental and estimated values corresponding to the drying curves of the
ﬁlmogenic solutions in treatment 1. X ¼ 25 C, C ¼ 30 C, ; 35 C, : ¼ 40 C,
- ¼ 45 C.
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model that best ﬁt this variable was the linear model with inter-
action, in which the interaction of yam starch and temperature was
signiﬁcant.
As expected, the slope of the drying curves increases as the
drying temperature increases, i.e., the drying rate (n) is higher, since
at higher temperatures there is a greater amount of heat transferred
from the air to the material and, consequently, an increase in
migration velocity of water from the interior to the surface of the
product. The same occurred with dehydration of tomato fruits,
where greater temperatures developed shorter drying time
(Sanjinez-Argandoña, Branco, Bittencourt, & Munhoz, 2011).
A quadratic model was ﬁtted to critical moisture (Wc) in which
yam starch concentration had a linear and quadratic inﬂuence, and
temperature only a linear inﬂuence.
Finally, the diffusion coefﬁcient (Def) calculated from the drying
parameter “k”, which represents the period with decreasing drying
rate, was adjusted to the linear model with interaction, where there
was signiﬁcant interaction between yam starch content and
temperature. Fig. 2 was constructed to better visualize these effects.
The regression models were signiﬁcant at 5% (P  0.05) and
expressed in the form of equations. Equations (5)e(8) represent the
models for initial moisture content (W0), the parameter n, critical
moisture content (Wc) and diffusivity coefﬁcient (Def).
W0 ¼ 96:05 1:10F;

R2 ¼ 99:86%

(5)Table 3
Summary of analysis of variance for the principal drying parameters.
Fontes de
Variação
W0 (kg kg1) n (h1) Wc (kg kg1) Def (m2 s1)
DF MS DF MS DF MS DF MS
Starch (F) 1 31.57* 1 19.54ns 1 363.93* 1 6.84  1024ns
Temperature (T) e e 1 1432.23* 1 480.95* 1 4.81  1022*
F2 e e e e 1 52.19* e e
T2 e e e e 1 0.42ns e e
F  T e e 1 29.47* e e 1 3.01  1023*
Lack of ﬁt 4 4.31ns 21 9.06ns 20 2.79ns 21 3.70  1024ns
Pure error 47 2.69 30 5.70 30 1.75 30 5.53  1024
W0 is the initial moisture content of the ﬁlmogenic solutions, n is the drying rate for
the constant period, Wc is the moisture content, and k is the drying rate in the
decreasing period.
*F test signiﬁcant at 5% probability; ns e F test not signiﬁcant at 5% probability.n ¼ 41:89þ 0:65 T þ 0:01 FT ; ðR aj ¼ 80:40%Þ (6)
Wc ¼ 0:11þ 4:38F  0:43F2 þ 0:42T; ðR aj ¼ 89:23%Þ (7)
Def ¼ 5:97þ 0:50 T  0:01 FT ; ðR aj ¼ 83:45%Þ (8)
Where F and T is the inﬂuence of starch content and temperature,
g 100 g1 and C; FT is the inﬂuence of the interaction between
starch and temperature, g C 100 g1; R2 is the determination
coefﬁcient for linear model; and R-aj is coefﬁcient of determination
adjusted for other models.
There was no signiﬁcant interaction of glycerol with any drying
parameters. The fact that glycerol and its interaction with yam
starch was not signiﬁcant for W0 (Fig. 2A) and other parameters in
the drying of ﬁlmogenic solution can be explained by the small
amount of plasticizer in relation to starch, since its percentage is in
relation to starch content and not the total ﬁlmogenic solution.
Considering “n” as the drying rate for the constant period
(Fig. 2B), it can be inferred that the higher the starch concentration
and drying temperature, the higher the drying rate, causing the
ﬁlmogenic solutions to be more rapidly transformed into plastic
ﬁlms; in other words, drying occurs more rapidly. Starch gelati-
nization occurs when insoluble grains are heated in water above
a certain temperature, which leads to their swelling and subse-
quent rupture (Vilpoux & Averous, 2004). Thus, starch hampers
water replacement and consequently decreases the moisture
content limit for the constant drying rate, i.e., the critical moisture
content. Jaya and Durance (2007) found that dry alginate-starch
gel at higher energy drying rate levels is very high, i.e., at
a higher energy level, the time required to remove the moisture is
less, similar to the result obtained for carrot drying by Cui et al.
(2004).
In Fig. 2C it may be observed that the critical moisture
percentage was negatively affected by yam starch content and
positively affected by temperature, a fact that was also observed
during drying in a ﬂuidized bed where the critical moisture of the
material increased with increasing temperature, as well as with
increasing initial moisture content of the material (Kannan, Rao, &
Verma, 1994). According to Waje et al. (2004) a high constant
drying rate at a higher temperature develops a steep concentration
proﬁle within the solid. During low-intensive evaporation of
moisture (corresponding to low drying temperature) from the
surface of the material, a large part of the moisture will migrate to
the evaporation surface layer before reaching the moisture content
equilibrium level.
Upon drying acrylic acid and acrylamide gels, the Wc increased
with the drying temperature and decreased with gel thickness,
in agreement with the results of the present work (Waje et al.,
2005).
The values of Def, represented in Fig. 2D, ranging from 1.8 1011
to 2.0 1012 m2 s1 resulted from signiﬁcant interaction between
starch content and temperature in the ranges used. It may be
observed that the interaction of the smallest percentages of yam
starch and the highest temperatures resulted in increased values of
the diffusion coefﬁcient.
Thus, the starch concentration used in the interaction differed
from the drying rate in the constant drying period (which increased
with the increase in F and increase in T). The constant drying period
was characterized by drying of free water present on the surface of
the material and of the water which appeared during this process.
Yam starch decreased the freewater present on the surface, thus its
increased concentration favored increase in the drying rate. In the
decreasing period, drying occurs within the material; therefore, the
greater the starch concentrations, the greater the barrier for drying
Fig. 2. A. Behavior of the initial moisture content (W0)  standard deviation as a function of yam starch content. B. Parameter n as a function of yam starch content and temperature.
, , , , , , . C. Critical moisture content (Wc) as a function of yam starch content and temperature. , ,
, , . D. Effective diffusivity (Def) as a function of yam starch content and temperature. , , , ,
, , , , .
* This literature demonstrates mathematical models used in products with high
moisture content in order to separate the drying rate in two periods.
y This literature has been based for the study to deﬁne the area statistics of the
responsework.
z This literature demonstrates the importance of the use of edible ﬁlms to replace
nonbiodegradable plastic.
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drying rate.
Values of Def ranged from 1.33  1010 to 2.12  1011 m2 s1 for
drying of silica gel at temperatures from 40 to 70 C, respectively
(Park et al., 2003). Increase in effective diffusivity with increasing
temperature and decrease in acrylic acid concentration in gels
formulated with acrylic acid and acrylamide were veriﬁed by Waje
et al. (2005). These effects conﬁrm the interaction observed
between yam starch concentration and temperature in the present
study.
4. Conclusion
From the present study, it may be concluded that the model ﬁt
to the two distinct drying phases (constant and decreasing periods)
is well suited for all temperatures and treatments, with average
relative errors less than or equal to 10%. The drying rate in the
constant period was positively inﬂuenced by the interaction
between the increase in starch content and temperature, which did
not occur in the decreasing period as the starch content hinders
water outlet (Def) from the inside of their granules. Glycerol
concentration did not inﬂuence any of the parameters evaluated in
the present study. As drying in the constant drying period is of
greater time, greater amounts of yam starch, from 7 to 8 g 100 g1,
combined with higher temperatures, 45 C, reduce the costs of
producing bioﬁlms.Acknowledgments
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